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Abstract 
The purpose of this paper is to investigate metal doping effects on micro-structural, mechanical and corrosive behavior of the 
DLC film. Ti and Zr doped DLC films were prepared on NiTi alloys by reactive magnetron sputtering combined with plasma 
source ion implantation (PSII) technology used to improve the coherent strength, respectively. The mechanical properties of the 
doped DLC films were investigated by means of nano-indentation technique, microscratch and frictional wear testing.  The 
potentiodynamic polarization measurement was employed to value the corrosion resistance of DLC with Ti and Zr films in 
Hank’s simulated body fluid. It was found that Ti-doped DLC films embraced higher nano-hardness, somewhat lower coefficient 
of friction and better corrosion resistance than Zr-doped DLC films. 
PACS: 52.77.Dq 
Keywords: Diamond like carbon film; Doping DLC; PSII; Corrosion resistance  
1. Introduction 
NiTi alloy is a well known shape memory alloy due to possessing some particular properties including shape 
memory effect (SME), superelasticity and biocompatibility [1, 2]. Recent research has demonstrated that NiTi alloy 
also exhibited significant resistance to wear and could be a superior tribo-material. Hence NiTi alloy has great 
potential use for mechanical and electrical fields, especially for bio-medical field such as orthodontic wires, 
cardiovascular stents, artificial bone joint, etc [3]. However, NiTi alloy also has some disadvantages that are 
localized corrosion in body fluid and the release of Ni ions when the alloy is implanted in the human body. 
Confessedly Ni is an essential element for living body, whereas some reports have shown excess of Ni ions were 
toxic and might cause allergic reactions and promote carcinogenesis [4]. To improve its corrosion resistance and 
suppress Ni ion release, NiTi alloy needs to be processed by the surface modification such as ion implantation, and 
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coating deposition.  
The diamond-like carbon (DLC) film has been an attracted protection coating on NiTi alloy for dealing with the 
above issues because of its low friction coefficient, high wear resistance, better chemical inertness and 
biocompatibility. But the DLC film is very easy to slough from the substrate because of the high intrinsic 
compressive stress between the film and substrate, which will shorten the surgical devices’ lifetimes [5]. Up to now, 
there were two different ways have been proposed to handle the problem and demonstrated to be quite effective. 
One is transitive layers between the film and substrate formed by ion implantation or deposit technology [6], the 
other is DLC films doped with different elements such as Si, W, Ti, etc [7]. In this study, to obtain better coherent 
strength between the film and substrate and prolong NiTi alloy’s lifetime as far as possible, doping DLC films with 
transitive layers were fabricated by developing a new method, reactive magnetron sputtering with ion implantation. 
Based on considerable effects of elements doping on some important performances of DLC films embracing 
wear resistance, chemical inertness, and suppressing Ni ion release, this paper therefore mainly examines and 
compares the different influences of two types of elements (Ti and Zr) doping on properties of the DLC coating.  
2. Experiments 
The Af phase transformation temperature of the NiTi sample of 16mm×16mm with a thickness of 1 mm was 
settled to 17  through a series of heat treatment. All samples were ground and mirror polished, then cleaned with ć
acetone, and then dried with hot air, finally fixed onto the substrate holder in the chamber. Microwave and Ar gas 
were introduced into the chamber evacuated to a base pressure of 5×10-3 Pa for producing microwave electron 
cyclotron resonance (ECR) plasma discharge. Prior to coatings deposition, Ar ion sputtering clean was processed in 
the chamber for 30 min to remove undesirable oxide and contamination layers. For achieving an enhanced coherent 
strength, metal and C ions were firstly implanted in the substrates using plasma source ion implantation (PSII) 
technology to form a transition layer between the doped diamond like-carbon (DLC) film and the substrate, and 
subsequently a metal-doped DLC coating over the transition layer was synthesized using reactive magnetron 
sputtering. During ion implantation and deposition process, microwave ECR plasma discharge system was operated 
with 360 W microwave power and 64 A magnetic coil current to strengthen plasma density. The detailed 
experimental conditions were listed in Table 1.  
To obtain the film’s chemical composition and valence condition, the chemical structure of the doping DLC 
film was determined by X-ray photoelectron spectrograph (XPS).The mechanical properties of the doped DLC films 
were determined by means of nanoindentation technique, microscratch and frictional wear testing. The friction 
measurement was performed using ball-disc friction method with a load of 5N at a room temperature of 25  and a ć
relative humidity of 30%. Corrosion resistance was valued by electrochemical work station having Pt auxiliary 
electrode and saturated calomel reference electrode in Hank's simulated body fluid with a 7.4 PH and a 37  ć
temperature. Anodic polarization measurement was done after 1 hour of the sample stable existing under open 
circuit condition in the solution. Initial electrode potential E˄Initial˅and final electrode potential  E˄Final˅ in 
the measurement were set as -0.6V and +1.2V, respectively. After anodic polarization measurement, the Ni ion 
concentration was estimated by atomic spectrophotometer operated with a scan rate of 20mv/min.  
Table 1.Parameters for preparing the doping DLC film 
 
TiC or ZrC transitive layer
(Implantation) 
Doping DLC 
(Deposition) 
Gas flow rate(sccm) QAr = 4,QC2H2= 20 QC2H2= 40 
Working pressure˄GPa˅ 0.065 0.065 
Substrate bias˄V˅ -20k (Pulse) -500(DC) 
Target voltage (V) -550 -100 
Preparation time(min) 10 50 
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3. Results and discussion 
XPS of the doped DLC films are shown in Fig.1. As can be seen from the spectral lines of the figure, doping 
films predominantly contain C, Ti or Zr elements wherein C element only presents C1s peak but Ti or Zr elements 
display free and non-free state spectral peaks, as well as involve a handful of O, Ar elements. Some researchers 
reported that the C1S binding energy of graphite (sp2) and the diamond (sp3) was 284.3eV and 285.2eV [8, 9], 
respectively. C1S peak positions in the figure both are in this interval which indicates that the doped films are typical 
DLC films. In order to further comprehend the chemical structures of the doped films, the peaks of C1s, Ti  and Zr2p 3d 
were fitted using Gaussian sub-peak method [10], respectively. The results show there are sp2 bond, sp3 bond, C-O 
bond and C-Me bond in these two C1s peaks, the Ti2p peak consists of Ti2p3/2 and Ti2p1/2 peaks, and the Zr3d peak is 
composed of Zr3d5/2 and Zr3d3/2 peaks. This indicates that metal carbides, free metals and a small amount of oxides 
are embedded in the DLC matrix.  
 
Fig.1. X-ray photoelectron spectroscopy of Ti-doped and Zr-doped DLC film 
  
b) a) 
Fig.2. AFM image of doping DLC films   (a) Ti-doped DLC film  (b) Zr-doped DLC film 
Fig.2 presents tridimensional microstructure images of the doped films by the atomic force microscopy (AFM). 
Fig.2 (a) and Fig.2 (b) show the microstructure images of Ti-doped DLC film with a Ra roughness of about 6.5 nm 
and Zr-doped DLC film with a Ra roughness of about 8.2 nm, respectively. Fig.2 (a) exhibits many small rounded 
particles in the Ti-doped DLC film surface are different from many protuberances as hills in the Zr-doped DLC film, 
which resulted in comparatively smooth surface of the Ti-doped DLC film. The film’s morphology forming depends 
12  Guojia Ma et al. / Physics Procedia 18 (2011) 9–15
on many reasons such as preparation methods, deposit material properties, substrate bias and so on. In this 
experiment, since preparation methods and process parameters are identical, the difference of deposit material 
properties becomes a primary reason that brings on the difference of doping films’ surface morphology [11]. Fig.1 
illustrates that the binding energy of Zr-C is less than the Zr-Zr binding energy, while the binding of Ti-C is higher 
than Ti-Ti. It means the bonding of Zr element with C matrix lack stability, but Ti element with C matrix manifests 
relatively strong bonding in the growth process. As a consequence, the growth of Zr-doped DLC film tends to island 
pattern while Ti-doped DLC film inclines to layer pattern, although their growth patterns both are Stranski-
Krastanov, namely, an intermediate combination of layer and island growth modes. In addition, Zr element with 
larger atomic number than Ti element also results in significant prominent clusters.  
Fig.3 shows that nanohardness variations of doping DLC films and substrates at a displacement range of 1000 
nm. Their nanohardnesses were determined using the continuous stiffness method [12] in the hardness testing. When 
the penetration depth is smaller, the hardness values of doping DLC films increase with the penetration depth 
increasing, and the highest harnesses of Ti-doped and Zr-doped DLC films reach 24.5G Pa and 17.1 G Pa at a 
displacement of about 120 nm, respectively. Then, these two values are held at the range from 120 nm to 220 nm. 
As penetration depth further increased, the hardness values of doping DLC films fleetly fall and gradually approach 
to the hardness value of NiTi alloy substrate (about 5G Pa) whose hardness curve trends to a straight line. As a rule 
of thumb, when the depth of the indentation exceeds 10% to 25% of the film thickness, substrate effects must be 
considered. It indicates that the thickness of DLC films should be about 1ȝm. The Ti-doped film’s hardness is 
evidently higher than the Zr-doped film since it contains more carbide percentage than the latter in the light of the 
estimationof peak area ratio from Fig.1. The presence of hard carbide phases in the doping DLC films was a primary 
reason for the significant enhancement hardness by comparison with the NiTi alloy substrate. 
 
Fig.3. Hardness versus displacement curves of doping DLC films (a) Ti-doped DLC film  (b)Zr-doped DLC film 
Friction coefficient versus frictional time curves for doping DLC films are illustrated in Fig. 4 .It is evident that 
the coefficient friction curves are both stable and nearly trend to a straight line. Ti-doped DLC film with a steady-
state friction coefficient value of 0.1 is lower than Zr-doped DLC film with a steady-state friction coefficient value 
of 0.2. The reason that friction coefficient curve of Ti-doped DLC film presents a slight spike might be testing 
apparatus effect or unclean substrate surface, since the film failure was not found in its electron micrograph. As the 
above detailed, Ti-doped DLC film displayed the properties of a lower roughness and a higher hardness which 
resulted in a preferable frictional performance.    
The microscratch curves of metal-doped and undoped DLC films prepared under the same experiment 
condition are obtained and illustrated in Fig.5. In order to evaluate the doping DLC film adhesion, microscratch 
testing was conducted using friction force sensor as an intensity signal gathering unit. By ramping the indenting load 
at the range from 0 N to 5o N, followed by observing curve variation and visual examination of the scratch, the 
critical load which just causes adhesion failure can be determined [13]. When the indenting load is beyond the 
Guojia Ma et al. / Physics Procedia 18 (2011) 9–15 13
critical load, the strong fluctuation of the curve will be produced, which indicates the film has birthed adhesion 
failure. As evidenced in Fig.5, the Ti-doped DLC film begin to slough from the substrate at a load of about 35 N and  
the adhesion failure of the undoped DLC film appears at a load of about 7.5 N, while the Zr-doped DLC film 
doesn’t present any adhesion failure between set load limits. According to the above results and visual examination 
of the scratch, it was determined that the critical load of the Zr-doped DLC film was the highest (more than 50 N) 
and the undoped DLC film was the lowest (about 7.5 N).The result provided an evidence that the metal doping and 
the application of PSII technology could enhance the adhesion strength due to forming the component gradient 
interface on the substrate and alleviating the dismatch influence of thermal expansion coefficient of the DLC film 
and substrate, whereas the reason that the adhesion strength of the Ti-doped DLC film is inferior to the Zr-doped 
DLC film might be greater internal stress in the former.  
 
(b) (a) 
Fig.4. Friction coefficient versus frictional time curves of doping DLC films 
 
Fig.5. Microscratch curves of DLC and doping DLC films 
The results of the potentiodynamic polarization experiments for two types of metal-doped DLC films and the 
NiTi alloy substrate are exhibited in Fig. 6. From these potentiodynamic curves, free corrosion potential and self-
corrosion current density are obtained by Tafel analysis. Their values and Ni ion precipitation concentration 
obtained by atomic spectrophotometer are listed in Table 2. Compared with the NiTi alloy substrate, doped DLC 
films possess much more smooth anodic polarization curves, especially in Ti-doped DLC film, the higher self-
corrosion potential, and obviously left shifting polarization curves with the slower electric current density changing 
as the potential increasing, which indicates that DLC films can improve the corrosion resistance of the NiTi alloy 
substrate. The anodic polarization curve of Ti-doped DLC film presents that there are the largest passivation 
potential interval and the highest self-corrosion potential, and the sample with a slow increasing current density as 
polarization potential increasing doesn’t give birth to super-passivation, secondary passivation and pit corrosion. 
Nevertheless, the Zr-doped DLC film and the substrate having significantly different corrosion performance, whose 
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curves there are super-passivation zones at the potential range from 0.8V to 0.81V and from 0.4V to 0.53V, 
respectively, and present significant pitting corrosion and the second passivation. Table 2 lists Ni ion precipitation 
concentration of three samples. Ni ion precipitation concentration of the Ti-doped DLC film(0 mg/L) is the lowest 
among these samples, and the Zr-doped DLC film is 2.052 mg/L. Although the Zr-doped DLC film’s value is higher 
than the Ti-doped DLC film, the Zr-doped film can still effectively suppress Ni ion release. The above results 
indicate that Ti-doped DLC films embrace better corrosion resistance and capacity of limiting Ni ion release than 
Zr-doped DLC films. 
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        Fig.6. Potentiodynamic curves of doping DLC films 
 Ti-doped DLC films having ppressing Ni ion release profited 
from
Table 2ˊThe corrosion data of anodic polarization measurement
so good corrosion resistance and capacity of su
 two factors. First of all, compared with the island growth pattern of Zr-doped DLC film, the layer growth 
pattern of Ti-doped DLC film possesses uniform, smooth and dense surface layer, and the stack between layers can 
effectively cover up the poor region of corrosion resistance underneath the film, which resulted in direct touching 
area decreasing of the corrosion fluid and this region. Secondly, DLC films and substrate materials both contain 
titanium, which caused the transition of Ti-dope DLC films and substrates to be more natural and continuous, and 
the atomic number of Ti element is close to that of C element as a result of fewer deformations in the course of 
forming clusters[14].  
 
Film types Icorr(A/cm-2) Ecorr(V) i ion precipitation concentration˄mg/L˅ 
 
N
Ti-doped DLC 5.584×10-7 -0.195 0 
1.814×10-6Zr-doped DLC -0.256 2.052 
8.191×10-6 -0.367 6.377 NiTi substrate
4. Conclusion 
In this paper, Ti and Zr doped DLC films were prepared by reactive magnetron sputtering incorporating with 
PSII technology, respectively, for advancing the corrosion resistance of NiTi alloy and suppressing the release of Ni 
ions from substrates, and these two metal-doped effects on micro-structural, mechanical and corrosive behavior of 
the DLC films were analyzed and compared by various film characterization techniques. This study demonstrated 
that Ti-doped DLC was an available protection film for the NiTi alloy, it possessed higher nano-hardness(about 
24.5Gpa), lower coefficient of friction(about 0.1 ), better corrosion resistance(no pitting corrosion) and lower Ni ion 
precipitation concentration˄about 0 mg/L˅by contrast with Zr-doped DLC film. It was also notable that the 
critical load of doping DLC films was significantly enhanced, which indicated PSII technology and metal doping 
could certainly enhance the cohesive strength of the DLC film. 
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